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ABSTRACT 
 
A novel fumigation technology for the use of methanol/ethanol as a dual fuel for compression ignition (diesel) 
engines has been developed to offer the option to replace the use of diesel with up to 40% of these renewable fuels, and 
to reduce the greenhouse emissions and fine particulate emissions from compression ignition engines, whether in 
transport or for stationary energy generation. This technology involves the addition of an apparatus to the air intake of a 
standard compression ignition engine, requiring no modification to the engine. This research found that the vortex 
creator design greatly shortens the required mixing length from 10 D to 1 D. In addition, we found in conservative 
estimation that the required ethanol evaporation distance (without heating) is more than 1 meter. Furthermore, a new 
dual fuel system design putting a vortex creator after the turbocharger was proposed. 
 
 
INTRODUCTION  
There is already an extremely heavy reliance on 
fossil fuels in developed countries (and large developing 
nations such as China and India) as the main source of 
transport energy. This demand is expected to double by 
2050, and is producing a raft of challenges that are 
increasingly driving government policy, research and 
industry transformation worldwide. The three main 
triggers that are driving changes in the transport fuel and 
backup stationary energy generation sectors are 
greenhouse gas emissions and resultant climate change, 
air quality, and the security of the oil supply (both in 
terms of physical supply and price volatility). 
Energy use for personal passenger transportation 
accounts for greater than half of all transportation energy 
use in America [1] and ‘the transport sector consumes 
more than 25% of final global energy demand and 
produces more than 20% of man-made greenhouse gas 
emissions, largely in the form of carbon dioxide’ [2]. In 
Australia the transport sector accounts for approximately 
15% of greenhouse gas emissions. 
Compression ignition (diesel) engines dominate the 
heavy transport sector as well as stationary energy 
generation. They are the most efficient of all 
reciprocating internal combustion engines. 
Alternative fuels are currently readily available to 
reduce dependence on fossil fuels. There are two 
fundamental approaches to the use of alternative fuels in 
conventional internal combustion engines [3]: (1) fuel 
blends (such as E10 or B20 where fuels are physically 
mixed) or emulsion (addition of emulsifier to prevent 
separation) and (2) dual fuel technologies (where the 
fuels are not mixed and introduced into the engine 
separately). Dual fuel technology has existed since the 
very beginning of engine development with diesel [4].  
Dual fuel technology for compression ignition 
engines has now become a viable alternative to the 
ubiquitous existing technology due to the reducing 
availability and cost limits of conventional fuels [5–7] 
and increased capacity to produce alternative fuels [2]. 
Dual fuel technology will be a valuable tool to help meet 
fuel needs in both developed and developing countries to 
minimise dependence on fossil fuels as well as helping to 
curb inevitable increases in CO2 and other emissions in 
countries such as China [8]. 
One method of dual fuel technology is dual injection 
with separate injection systems for each fuel. This 
method requires major modification of the engine. The 
other method is called fumigation. This technology 
involves the injection of a second fuel through an 
apparatus to the air intake of a standard compression 
ignition engine, requiring no modification to either the 
hardware or software of the engine, [9]. This technology 
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offers the option to reduce the use of fossil fuels (diesel), 
to increase the use of renewable fuels (methanol/ethanol), 
and to reduce the greenhouse emissions and fine 
particulate emissions from compression ignition engines, 
whether in transport or for stationary energy generation. 
A wide range of alternate fuels are compatible with 
diesel fuel, including LPG, CNG and LNG. Engines fitted 
with the technology developed by the industry partner in 
this proposal can be tuned to use all these differing types 
with substitution rates of 80% for CNG and LNG while 
LPG can be used at up to 30% [10]. However, such 
technology does not address the renewable fuel issue or 
the use of alcohol renewable fuels in particular. 
Alcohol based fuel blends have been used in a wide 
range of applications and have achieved broad 
acceptance in existing markets [11, 12]. Neat alcohol 
fuels and blends using high alcohol proportions can 
provide improved transport thermal efficiency (KJ/km) 
[11], though corresponding emissions can be problematic 
[13].  
Liquid fuels such as ethanol and methanol are not 
inherently suited to compression ignition engines. 
Methyl and ethyl alcohol fuels have a much higher 
auto-ignition temperature than diesel fuel (720°C 
compared to 280°C, respectively) so cannot be used as a 
direct replacement fuel in compression ignition engines. 
Expensive measures such as glow plugs and ignition 
improvers have previously been required for general use 
of alcohol as a direct replacement or substitution fuel 
[14]. Furthermore, simple blending of alcohol fuels with 
diesel fuel is not practical because of poor solubility, 
water absorption and the occurrence of phase separation. 
Expensive additives to improve solubility and stability 
are necessary for this approach [15]. 
 
DUAL FUEL SYSTEM 
A promising approach to the use of alcohol dual fuels 
is the aspiration of alcohol and subsequent ignition upon 
the injection of diesel. Methods of aspiration have 
included carburetors, manifold injectors, heated 
vaporisers and mist generators. Such methods are 
suitable for retrofitting on existing engines and avoid the 
overheads of another injection system. However, these 
methods all suffer from the limitation that they do not 
readily allow fast, precise and variable control of the 
quantity of ethanol on time scales needed for engine 
applications in the transport industry. The technology 
developed by the industry partner [9] overcomes this 
problem and is able to provide the fast fuel control 
required. Moreover, preliminary engine tests have shown 
experimentally that up to 40% alcohol substitution is 
possible without loss of engine performance [10].  
The dual fuel device is shown in Fig. 1. In this 
system, the method and arrangement of supplying a 
supplementary fuel (8) to a compression ignition internal 
combustion engine (6) wherein an air supply (3) to the 
manifold (5) is first caused to pass through a natural 
vortex creator (1) is shown. The supplementary fuel (8) 
to the engine is supplied, through a solenoid operated 
valve (10), a liquid to gas converter (11), and a conduit 
(12), into a low pressure area, the natural vortex (1), 
which provides a substantially constant ratio of 
supplementary fuel to the main fuel through varying load 
conditions. 
 
Fig. 1. Dual fuel conversion system. 
 
This new technology enables ethanol and methanol 
substitution rates of up to 40% to be achieved, with water 
contents up to 15%—rates that are typically not suitable 
for use in internal combustion engines or direct dilution 
in diesel. The ability to run on pure distillate, or hydrous 
ethanol containing about 5% water, is a critical 
advantage of this technology. Normally a further refining 
stage is required to remove most of this water from the 
first stage ethanol distillation product, producing 
anhydrous ethanol, which is used in fuel blends such as 
E10. 
In the current design of the dual fuel system, the 
vortex creator is installed upstream of the turbocharger. 
Thus, the ethanol has been heated up to avoid ethanol 
liquid droplets entering and damaging the turbocharger. 
Two questions are raised: (1) Can the location of the 
vortex creator be changed? (2) Does ethanol have to be 
heated up? With these in mind, this research investigated 
this dual fuel system from three perspectives: (i) the 
mixing efficiency of the vortex creator; (ii) the ethanol 
evaporation length when the supplementary fluid is not 
heated; and (iii) a field test of the dual fuel system on a 
working tractor. 
 
VORTEX CREATOR MIXING EFFICIENCY 
A vortex creator is a component that mixes air and 
supplementary fuel before supply into compression 
ignition diesel. Its swirling vanes generate a natural 
vortex and create a low pressure centre. This low 
pressure core will help draw air in and mixes fully with 
supplementary fuel. By such an arrangement, a constant 
air and fuel ratio is obtained. An operating cycle with 
changing loads is maintained to reduce the excess of 
supplementary fuel required. This vortex creator offers 
other advantages, such as additional power availability 
from an existing engine, lower exhaust temperatures, less 
fuel and oil contamination, smoother running and cost 
savings.  
Cross-sectional views of the vortex mixer are shown 
in Fig. 2. Supplementary fuel is supplied into the vortex 
creator conduit from a heat exchanger (11 in Fig. 1). The 
vanes provide a circulated flow of air passed through the 
channels around the conduit to mix with supplementary 
fuel as the fuel flows out of the conduit. The flow of air 
passed through the vanes into the central area is trapped 
within a natural vortex.  
 
 
Fig. 2. Cross-sectional view of vortex creator. 
(1, natural vortex creator; 12, supplementary fuel 
conduit; 13, vanes; 15, channels; 16, vanes of arcuate 
form; 17, relative centre.) 
 
There are two main advantages conferred by 
installing a vortex creator in the dual fuel system. The 
first is maintaining a constant ratio between 
supplementary fuel and the main fuel under different 
load conditions. This effectively increases the ratio of 
supplementary fuel by up to 40%, while the fumigation 
system is only able to substitute 30% of the main fuel 
due to the pre-ignition effect [10]. The second advantage 
is that the vortex creator evenly mixes supplementary 
fuel with intake air before it goes to the turbocharger or 
ignition chamber. 
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Bell mouth Vortex creator
Flow
direction
 
Fig. 3. Wind tunnel and test section. 
In order to confirm this latter advantage, two tests 
were performed to test mixing efficiency. Both tests 
involved putting the vortex creator in a wind tunnel, as 
shown in Fig. 3. The test section is an 850 × 320 × 315 
mm rectangular tube. It can provide wind in both 
directions, and the wind speed is adjustable from 0 to 23 
m/s (when the vortex creator is removed). A bell mouth 
and honeycomb was located upstream of the vortex 
creator to reduce the longitudinal components of 
turbulence.  
 
Velocity Profile Test 
In the first test, the velocity profile downstream of 
the vortex creator was measured by a Pitot tube flow 
meter. The vortex creator (128 mm ID) was suspended 
with two holder plates in the wind tunnel test section, as 
seen in Fig. 3. A total of six different lengths of 
transparent tube (0.25, 0.5, 1.0, 1.5, 2.5, and 5.0 D) were 
fabricated to attach after the vortex creator in order to 
extend the airflow path to a downstream measurement 
point. The velocity profiles on eight planes (–0.157, 0, 
0.25, 0.5, 1.0, 1.5, 2.5, and 5.0 D) were measured. The 
stagnation hole of Pitot tube was placed as close as 
possible to the end of the transparent tube or vortex 
creator, thus reducing errors in positioning. The Pitot 
tube was supported by a 2-D traversing system to travel 
in the cross-section plane. A total of 21 points on the 
horizontal and vertical axes at every measurement plane 
was recorded.  
This experiment was conducted to simulate real 
conditions in which the vortex creator will be installed. 
The potential market sector for the vortex creator is 
primarily for large diesel engines (such as used in trucks), 
medium sized diesel generators, or marine diesel 
propulsion. In order to simulate these conditions, a 
minimum approximation of the volumetric rate of air 
intake must first be determined. The air consumption rate 
of a four-stroke diesel engine can be determined from: 
36002
1
capacityCylinder RPMQ ××≡  (1) 
Medium trucks commonly have a cylinder capacity 
of more than 6 litres, and idle at 2000 RPM. Thus, the 
calculated airflow rate is 8.3 m/s. In this experiment the 
normal operating speed of the wind tunnel is set at 25 Hz, 
which gives a speed of approximately 11 m/s in the test 
section conduit. 
The velocity profiles measured at eight planes after 
the vortex creator are plotted in Fig. 4. The horizontal 
and vertical graphs show that the velocity is 
approximately symmetrical with respect to the centre of 
the radius. Consistency of measurement was difficult to 
achieve because the measurements were done at different 
times with fluctuating pressure due to swirling flow. To 
counteract this problem, data taken was averaged over a 
short period of time. This option is a standard feature of 
the Pitot tube meter that was used in the experiment. 
The vortex creator has three regions: the outer region 
where the flow is parallel, a middle region where the 
flow is swirling, and a core region where the flow is 
parallel and supplementary fuel is injected.  
Velocity profiles at –0.157 D and 0 D show that this 
vortex creator was designed to distribute a greater 
concentration of air to the outer region than the middle 
region. In addition, there is a drastic drop in velocity of 
around ± 0.3–0.4 r/D where the wall between the outer 
and middle regions is located. This wall separated 
parallel flow at the outer region and swirling flow at the 
middle region. Therefore, there is no viscous influence at 
each flow.  
At 0.25 D the local velocities near the outer region 
start to increase. The reason for this is because there is 
no wall at this distance. Hence viscous force affects the 
local velocities at each region. 
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Fig. 4. Velocity profile. 
 
Velocity profiles at 0.5 D and 1 D are very 
interesting because of the negative velocity result. 
Velocity in the Pitot tube meter is calculated by using the 
following equation: 
( ) ρstaticstagnation PPv −= 2  (1) 
Theoretically, a negative velocity is unattainable 
since it is a result of the square root of the pressure 
difference, and Pstagnation is always greater than Pstatic. If 
Pstagnation is less than Pstatic, the square root becomes 
imaginary. With the Pitot tube meter used in the 
experiment, an imaginary number is represented as a 
negative value. Pstatic becomes higher than Pstagnation when 
the Pitot tube faces a large angle to the flow streamline. 
In this case, the angle between the flow and Pitot tube is 
due to swirling flow motion created by the vortex creator. 
In order to check the angle effect on the Pitot tube 
reading, additional tests were performed to check the 
readings following changes to the angle between the 
flow direction and the Pitot tube. The results plotted in 
Fig. 5 show that 
1. For 0° < θ < 30°, the error is less than 10%. 
2. For 30° < θ < 60°, the error is 10% to 50%. 
3. For 65° < θ < 90°, the velocity is negative. 
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Fig. 5. Pitot tube reading with angle. 
 
It was found that at 90° the correction factor was –1, 
or the inverse of the actual result. This is because at 90° 
the static hole is normal to the flow direction. Therefore, 
this makes the flow stops isentropic, which results in the 
stagnation pressure measured by the static hole. 
Meanwhile, the stagnation hole is tangential to the flow 
motion, which results in the static pressure measured by 
the stagnation hole. Although both holes still measure 
static and stagnation pressures, the Pitot tube meter still 
uses Eq. (1), which inverses the result. 
The local swirling angle must be known in order to 
apply the correction factor to the error of the velocity 
result. Due to the limitations of the instrumentation, the 
local swirling angle cannot be measured. 
At the distances 1.5 D, 2.5 D, and 5 D, the negative 
velocity phenomena disappear. This suggests that the 
tangential velocity component decays. In addition, the 
velocity profile is fully developed. These lengths are 
relatively short compared to the entry length of turbulent 
parallel flow in the pipe, which is approximately 10 D. 
This phenomenon arises because the viscous effect from 
the much lower velocity in the middle region reduces the 
local velocity at the outer region. Additionally, the 
swirling effect from the middle region accelerates the 
distribution of air from the outer region to the middle and 
core regions. 
To summarise the findings from the velocity profile 
test, airflow is highly concentrated at the outer region 
and starts to be disturbed by the swirling flow in the 
middle region approximately after 0.25 D. The swirling 
flow greatly helps the mixing of the flow at the outer 
region (air) and core region (supplementary fuel). The 
required mixing length was shortened from 10D to 1.5D. 
 
Temperature Profile Test 
To further investigate the mixing efficiency of the 
vortex creator, the downstream temperature profile was 
measured when hot air was injected through the 
supplementary fuel conduit. The arrangement of the 
vortex creator and transparent tube was similar to that 
used for the velocity measurement. The thermocouple 
holder was attached at the end of the transparent tube, 
and 10 thermocouples were placed at the hole inside the 
thermocouple holder. Figure 6 shows the positioning of 
the thermocouple holder during the experiments. 
 
 
 
1
2
3
4
 
 
Fig. 6. Thermocouple holder. 
 
Hot air from heat gun was injected from the 
supplementary fuel conduit at a temperature of 
approximately 300°C, and airflow was supplied by the 
wind tunnel at 25°C. Temperatures were measured, as 
shown in Fig. 7.  
-1.0 -0.5 0.0 0.5 1.00
50
100
150
200
250
300
350
 -0.157D  0.0D  0.25D  0.5D
 1.0D       1.5D  2.5D   5.0D
 
Te
m
pe
ra
tu
re
, 
T 
[°C
]
Horizontal radius, r/R [-]
-1.0 -0.5 0.0 0.5 1.00
50
100
150
200
250
300
350
 -0.157D  0.25D  0.5D
 1.0D       1.5D  2.5D   5.0D
 
Te
m
pe
ra
tu
re
, 
T 
[°C
]
Vertical radius, r/R [-]
 
 
Fig. 7. Temperature profile. 
 
The vertical measurement axis at distances –0.157 D 
and 0.25 D shows that the heat was higher on one side. 
The reason for this is because the supplementary fuel 
conduit is a little off-centre. This also affects the 
measurement at the horizontal axis, which has a 
maximum temperature much lower than the maximum at 
the vertical axis. At the 0.5 D distance, the heat starts to 
be distributed evenly. Fully mixed heat is achieved 
approximately at 1 D. This length is much shorter than 
the entry length of turbulent parallel flow in the pipe, 
which is approximately 10 D. This temperature mixing 
analysis is an analogy of the mixing performance done 
by the vortex creator when it is injected by 
supplementary fuel. 
 
ETHANL DROPLET EVAPORATION  
Two dual fuel systems have been installed on a 
Toyota Hilux action utility vehicle (AUV) with a 3 L, 
6-cylinder diesel engine, and a Ford New Holland 8770 
tractor with a 160 HP, 7.5 L, 6-cylinder turbocharged 
diesel engine. In the AUV the supplementary fuel 
(ethanol) is mixed with hot air heated up by exhaust gas 
before entering the vortex generator. In the tractor the 
ethanol liquid is heated up by hot water because the 
engine is water-cooled. Figure 8 shows the design of 
both systems. 
 
Inlet Air Turbo
Heat Exchanger
Ethanol Injection
Turbine
Engine
IntercoolerVortex
Mixer
Heat Exchanger
Atmosphere
Diesel Injection
Cool  - Hot
 
(a) Air-heated dual fuel system. 
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(b) Water-heated dual fuel system. 
 
Fig. 8. Dual fuel engine setup. 
 
In both systems, the vortex creator is installed ahead 
of the turbocharger. The ethanol is required to 
completely evaporate before being compressed to ensure 
no damage occurs to the turbocharger (rotating at 
100,000+ rpm). Damage from this could include a 
reduction in power within the engine and a damaged or 
worn compressor wheel, resulting in the need for 
replacement. Further, given the possibility of injecting an 
ethanol/water substance, there is the potential for 
cavitations to occur within the engine, caused by 
incomplete evaporation of the water before entering the 
engine chamber leading to steel erosion. 
To improve the design, one option is to remove the 
heat exchanger used to heat up the ethanol fuel. By 
negating the need for a heat exchanger, the overall setup 
of the engine would be simpler to design as well as 
install, easier to market, and more cost effective.  
The ability for ethanol liquid to evaporate without 
heating is dependent on several factors. These include its 
chemical properties, the temperature of the molecule 
(that is proportional to its kinetic energy), the partial 
pressure of the molecular substance in air, the air 
pressure, and the location of the molecule with respect to 
the surface [16]. For large bodies of liquid, only a small 
proportion of liquid is close enough to the surface as well 
as having sufficient kinetic energy to escape and become 
gaseous; hence, the slow rate of evaporation. However, 
for smaller bodies, like droplets, more molecules are 
exposed to the air/liquid boundary, resulting in a much 
quicker rate of evaporation. 
First, the saturation vapor pressure limit on 
evaporation is examined below. Figure 9 shows the 
minimum allowable air to ethanol ratio (by mass) to 
allow complete ethanol evaporation to occur. Using the 
same example as before, at 25°C, a minimum air to 
ethanol ratio of 8 is required. Hence, if insufficient air is 
provided within the system (i.e. the air to ethanol ratio is 
below 8) full evaporation would be impossible. 
Therefore, it is essential in order to prevent liquid 
ethanol condensing and, in turn, damaging the 
turbocharger, that the air to ethanol ratio is controlled. 
This can be done by either controlling the air intake or by 
controlling the ethanol injection rate, such that the ratio 
of the two fluids never falls below the minimum ratio at 
a given temperature, T, as indicated by the graph. 
 
 
Fig. 9. Minimum allowed air-ethanol ratio. 
 
It is estimated that if ethanol is injected into a 6 L, 
6-cylinder engine at a steady speed (3000 rpm) it will use 
approximately 20 liters/hr. The calculated air to ethanol 
mass ratio will be 54. It is much higher than the required 
minimum limit of 8. 
Second, the evaporation of ethanol will cause a 
cooler global temperature. Adding this effect to the total 
evaporation profile, the results for the final temperature 
after complete evaporation of ethanol in air (i.e. 
temperature at which 100% ethanol liquid is converted to 
vapor) are integrated in Fig. 9. It is indicated that it is 
impossible for ethanol to fully evaporate in air, with an 
air to ethanol ratio of less than 30 (assuming an initial 
temperature of 30°C). If a substance with a ratio less 
than 30 were to evaporate, its evaporation would occur 
down to a temperature of 4°C, a temperature at which the 
Partial Pressure = Saturation Vapor Pressure, and no 
more evaporation would occur. 
Thirdly, the ethanol evaporation rate is investigated. 
Figure 10 demonstrates the phases inherent within an 
atomised spray. There are two main multiphase flow 
regions within the spray: the liquid core (column) and the 
dispersed flow region (droplets) beyond the surface of 
the liquid core. The liquid column length is a function of 
the densities of the two fluids and the orifice diameter. 
When the liquid core breaks up into droplets, evaporation 
will occur. The evaporation rate is dependent on fluid 
properties, temperature, and the vapor pressure of the 
liquid in the air. It is hoped that by analysing the two 
phases of atomisation, an accurate estimate may be made 
on the evaporation time and the evaporation length. 
 
 
Fig. 10. Phase of an atomised spray [17]. 
 
 The breakup length is estimated by the Levich [18] 
model to be between 180 to 410 d0 (nozzle diameter). 
Since a 1 mm spray orifice is expected, the breakup 
length will be in the range of 180 to 410 mm.  
 Next the diameter of a droplet after breakup is 
estimated by the correlation of Hiroyasu [19]: 
( ) 13101350 .air.sm BPAD ρ∆ −= , (2) 
where A equals 2.33 × 10–3 for a hole nozzle, 2.18 × 10–3 
for a throttling pintle nozzle, and 2.45 × 10-3 for a pintle 
nozzle, and where B equals the amount of fuel delivered 
per stroke. Under the assumption of ethanol injection at 
20 liters per hour, the engine at an RPM of 3000, and the 
use of a hole nozzle, the mean diameter at 100 kPa is 
68µm. 
 A MATLAB droplet evaporation model was 
developed using Barata [20]’s model, which is based on 
the Abramzon and Sirignano model. The upper range 
droplet size is set at 100 µm. The air temperature is 
assumed to be 303 K. The air-ethanol ratio in Fig. 11 
shows the diameter of an ethanol droplet to be 100 µm 
initially as it evaporates in air at a temperature of 303 K, 
with an air to ethanol ratio of 50 and a relative velocity 
of 0 to 1 m/s (purely arbitrary assumptions). By 
assuming the turbulent intensity to be 2% (which is a 
conservative estimate), the required droplet evaporation 
time is 0.1 s, and the corresponding length is 1.0 meter. 
Adding the breakup length, the total evaporation distance 
required would be more than 1.0 meter (a length that is 
not practical in reality). This distance might be reduced 
with the introduction of vortex creator, which generates 
more turbulence and mixing. However, the actual 
required evaporation length cannot be measured due to 
the limitation of experimental techniques. Future work is 
necessary to study the evaporation rate in the vortex 
creator.  
 The evaporation curve (vr = 0.001 m/s) as shown in 
Fig. 11 has three distinct stages. The first stage, between 
0 to 0.1 seconds, is where the evaporation rate is quite 
steady, given the high temperature and the low vapor 
pressure that exists. 
As the volume to surface area ratio becomes smaller, 
the droplet size becomes smaller. It is expected that the 
rate of evaporation (as a percentage) should increase 
over time. This, of course, assumes all other conditions, 
most notably the temperature, remain the same. As the 
air to ethanol ratio is only 50, a significant temperature 
reduction is expected, such that it has an effect on the 
evaporation rate. This is what occurs between 0.1 to 0.5 
seconds. Although the droplet does have a lower volume 
to surface area ratio, any increase in the evaporation rate 
is countered by the reduction in temperature and by the 
increase in vapor pressure.  
 
 
Fig. 11. Evaporation of a 100 µm droplet. 
 
Note that the evaporation rate noticeably increases 
between 0.5 to 0.6 seconds. At this stage, most of the 
evaporation has already occurred, implying that the 
temperature will remain constant. With a constant 
temperature, the droplet that has an ever reducing 
volume to surface area ratio will evaporate in an 
exponential fashion. 
Figure 12 shows the reduction in temperature that 
occurs due to the evaporation of ethanol for vr = 0.001 
m/s. As is expected, evaporation (by mass) is most 
prominent when the droplet is large. Thus, a rapid 
temperature drop occurs at the same time as a high rate 
of evaporation (by mass). Figure 12 shows the 
temperature drops 11°C in the first 0.2 seconds. For the 
0.4 seconds until complete evaporation occurs following 
this, the temperature drops by only 5°C. This correlates 
to the findings shown in Fig. 11, where the relative 
evaporation rate remained stable between 0.1 to 0.5 
seconds because of the temperature drop, and increased 
between 0.5 to 0.6 seconds as the temperature became 
relatively constant. 
 
 
Fig. 12. Temperature drop due to evaporation. 
 
FIELD TEST 
A field test was conducted on the tractor dual fuel 
engine system to gauge the temperature of the different 
fluids at different positions, as indicated in Fig. 8(b). The 
test was performed at 300 rpm over 30 minutes duration. 
The temperature from T1 to T5 is shown in Fig. 13. The 
water-cooled tractor was ploughing a sugarcane field 
under full load. It took about 4 minutes to complete each 
cycle before doing a turn with a corresponding drop in 
rpm. The results indicate that after 10 minutes, the heat 
exchanger system that used 80°C water successfully 
heated ethanol up to about 70°C, which assisted ethanol 
vaporisation before entering the turbocharger. 
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Fig. 13. Field test temperature result. 
 
PROPOSED DUAL FUEL SYSTEM  
As evaporation is required so as not to damage the 
turbo blade, the logical configuration would be to inject 
the ethanol after the turbocharger, as shown in Fig. 14. 
The advantages of such a set up include the evaporation 
of ethanol occurring almost instantaneously (as higher 
temperatures exist with compressed air), no possible 
damage to the turbo blade, no requirement for a heat 
exchanger (lower cost and lower complexity), as well as 
the evaporative cooling reducing the fuel temperature. 
Inlet Air Turbo
Ethanol Injection
Turbine
Engine
IntercoolerVortex
Mixer
Atmosphere
Diesel Injection
Cool  - Hot  
 
Fig. 14. Proposed dual fuel engine setup. 
 
The previous logic in injecting the ethanol before the 
turbocharger was to use the low-pressure turbocharger 
entry region as suction for the ethanol and the air mixture. 
Further, it would also be easier to inject the ethanol at a 
lower pressure. While not discounting the importance of 
these facts, it is important to note that the vortex creator 
‘creates a natural vortex with a low pressure core’. Even 
with pressurised air, a low pressure core is able to draw 
in the ethanol injection, and thus is sufficient to ensure 
the functionality of the system. Secondly, at high rpm’s, 
the engine acts as a suction (low pressure) device on its 
air intake stroke. This essentially has the same affect as 
the turbocharger low pressure entry region, forcing 
airflow to occur. 
 
CONCLUSIONS  
A novel dual fuel system has been investigated from 
three aspects. The major findings are: 
(1) The design of the vortex creator greatly shortens the 
required mixing length from 10 D to 1 D. 
(2) In the current design, the vortex creator was installed 
upstream of the turbocharger. The heat exchanger in 
the tractor heats up the ethanol to above saturation 
temperature in the field test.  
(3) The calculation of ethanol evaporation indicated that 
the required evaporation length without heating is 
more than 1 metre.  
(4) A new design for a dual fuel system putting the 
vortex creator after the turbocharger was proposed. 
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NOMENCLATURE  
A  Constant 
D  Diameter (pipe unless other wise specified) 
d0  Nozzle diameter 
dsm  Sauter-mean diameter  
P  Pressure 
Q  Air consumption rate  
R  Pipe radius 
r  radius 
v  Velocity 
vr  Relative velocity 
ρ   Density 
 
REFERENCES 
[1] Ross, M., Ann. Rev. Energy, 14:131 (1989). 
[2] Dearing, A., Ann. Rev. Energy Environ., 25:89 
(2000). 
[3] Abu-Qudais, Haddad, O., Qudaisat, M., Energy 
Conv. Management, 41:389 (2000). 
[4] Diesel, R., Method of Igniting and Resulating 
Combustion for Internal Combustion Engines, US 
Patent Office (1901). 
[5] Masters, C.D., Root, D.H., Attansi, E.D., Ann. Rev. 
Energy, 15:23 (1990). 
[6] Sperling, D., DeLuchi, M.A., Ann. Rev. Energy, 
14:375 (1989). 
[7] Karim, G.A., SAE Paper No. 831073 (1983). 
[8] He, K., Huo, H., Zhang, Q., Ann. Rev. Energy 
Environ., 27:397 (2002). 
[9] Kruger, U., Compression Ignition Engines, US 
Patent Office. No: 20040206329 (2006). 
[10] Kruger, U., Clean Future – Technoogy, 
http://www.cleanfutre.com.au/tech.htm (2006). 
[11] Mills, G.A., Ecklund, E.E., Ann. Rev. Energy, 
12:47 (1987). 
[12] Marsden, S.S., Ann. Rev. Energy, 8:333 (1983). 
[13] Corkwell, K.C., Jackson, M.M., Daley, D.T., 
SAE Paper No. 2003-01-3283 (2003). 
[14] Siebers, D.L., Edwards, C.F. SAE Paper No. 
870588 (1987). 
[15] Holland, T.G., Swain, M.N., Swain, M.R., SAE 
Paper No. 922191 (1992). 
[16] Silberberg, M.A., Chemistry (4th ed.) 
McGraw-Hill, New York, 2006, pp. 431–434. 
[17] Faeth, G.M., Prog. Energy Com. Sci., 9:1 (1983). 
[18] Levich, G., Physiochemical Hydrodynamics, 
Prentice-Hall, New Jersey, 1962. 
[19] Hiroyasu, H., JSAE, 21:369 (1980). 
[20] Barata, J., Renewable Energy, 33:769 (2007). 
 
